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VARIATION AND CORRELATION IN THE CRAYFISH. WITH 
SPECIAL REFERENCE TO THE INFLUENCE OF DIFFERENTIA- 
TION AND HOMOLOGY OF PARTS. 



Bt Raymond Psarl ahd A. B. Clawson. 



INTRODUCTION. 

The general purpose with which this study was undertaken was to 
investigate by biometrical analysis the laws of variation in a number of 
organs which, while serially homologous, were at the same time differ- 
entiated among themselves in varying degrees. Such systems of organs 
are of course well known. A very clear example is afforded by the 
appendages of a crustacean, say a decapod. In such an organism there is 
strict serial homology between the segments of the different appendages. 
At the same time, a given segment of any single appendage is distinctly 
differentiated from the homologous segments of the others. The primary 
and immediate aim of the present study was to obtain as definite answers 
as possible to the following two questions: 

(i) What relation exists between the relative degree of variation 
exhibited by any particular organ or character and its degree of differen- 
tiation or specialization, as compared with other similar organs in a 
homologous series? 

(ii) What relation exists between degree of correlation on the one 
hand, and, on the other hand, the similarity of structure and position 
indicated in the homology of parts in such a series of organs as is pre- 
sented, for example, by the segments of the crustacean appendage? 

Naturally the data collected to answer these questions threw light on 
other problems of variation, which will be considered further on in the 
paper. Both of the main problems we had before us have been incident- 
ally considered in several cases by earlier workers, but, so far as we are 
able to learn, no systematic investigation, aimed at their elucidation and 
working by quantitative methods on a considerable number of characters 
of an organism, has ever been made. It seemed desirable that such an 

investigation should be undertaken. 

I 



2 VARIATION AND CORRELATION IS THE CRAYFISH. 

In looking abont for an organism aoitable for each a stndj, the 
common freshwater crayfish at once occorred to one as an especially 
favorable form. In the crayfish there is no donbt about the serial 
homology (attaching to the term the significance which it ordinarily 
has in comparative anatomy) of the several joints of the successive ambn- 
ktory appendages. The most anterior leg (the chelipedj is widely dif- 
ferentiated from the more posterior walking legs, among which as a class 
there is little differentiation. Thus we are enabled easily to compare the 
relative variability and correlation in slightly differentiated and greatly 
differentiated homologous parts. Farther, the firm exoskeleton makes it 
possible to take measurements with a maTimnm of accuracy. FinaUy, 
it is possible to obtain fairly large numbers of adult individuals with 
relative ease. 

The present paper forms one of a series in course of publication by one 
of the authors, all of which have as their general aim the analysis of the 
factors of variation and correlation, as a contribution toward the eventual 
determination of the fundamental physiological (morphogenetic) laws 
which underlie these phenomena* In different papers of the series the 
attempt has been made to analyze by experiment and observation, sup- 
plemented by biometrical methods, the influence of different factors on 
the degree and nature of the variation exhibited by particular sets of 
organs or characters. The number of factors which conceivably may 
play a part in influencing variation is of course very great. From the very 
complexity of the problem -we are forced to the admittedly slow process 
of making detailed and thorough studies of but few of these factors at 
a time. The present paper deals with the influence on variation of 
two such conceivable factors, namely, the degree of differentiation or 
development of parts fundamentally similar in their structure, and the 
relationship between such parts expressed in the term ''homology.^' 
In other papers of the series which either have appeared or will be pub- 
lishcMl shortly other sets of factors have been considered. The under- 
lying ideas which have been in the mind of the writer of this paper 
throughout the course of his work on variation are (a) that the ptie» 
nonumfi of continuous variation must themselves be thoroughly analyzed 
before we can get at the laws which underlie them, and (b) that the 
most certain way to make progress towards the desired goal is by follow- 
ing the method of quantitative analysis. As the work has progressed, 
the' moro firmly has the writer been convinced of the essential truth of 
tluHMt ideas. 
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Having made clear the general problems with which this investigation 
has to do it will not be necessary to state here the specific subsidiary 
questions which we have attempted to answer. Instead these questions 
will be stated in the body of the paper in direct connection with the data 
bearing upon them.* 

MATBBIAL. 

As material for this study a collection of crayfish belonging to the 
Zo6logical Museum of the University of Michigan was used. We have 
to thank Mr. C. C. Adams for kindly placing the material at our dis- 
posal The collection included about 450 adult individuals of both 
sexes, all clearly belonging to the same species. The specimens were 
collected from the Kiver Rouge, near Birmingham, Michigan, on July 
24, 1903, by Mr. J. B. Field, and were by him presented to the Univer- 
sity Museum. They may be considered to form a homogeneous sample of 
the crayfish population of that locality. The specimens belonged to the 
species Cambarua propinquua Girard. We have, then^ a homogeneous 
sample of material belonging to the same species, all the individuals of 
which have probably been exposed to reasonably the same set of environ- 
mental factors during their development. In the collection males were 
about twice as numerous as females. We had at first intended to study 
the variation in both sexes, but on account of the relatively small number 
of the females, as well as for other reasons which need not be entered 
into, it was decided to confine the attention to the males. All specimens 
were discarded in which any one of the joints of the legs which were 
chosen for measurement was either lost or undergoing regeneration. 
There remained 283 normal males available for measurement. All these 
males measured belonged to the so-called ''Form I.'^ It was apart from 
the purpose of the present study to consider the relation of the dimorphism 
of the males in the genus Cambarus to variation, and hence only one form 
was used in the investigation. This dimorphism has been discussed by 
Hagen (1870), Faxon (1884), Harris (1901), and others. 

* At this point I wish to acknowledge my great indebtedness to the Caraegie Insti- 
tution of Washington for grants, during the tenure of which this work was done. It is 
impossible to make any adequate statement of the value of this aid in my biometiic 
work. Under the best of conditions research in this field is very laborious and time- 
consuming, and without adequate material facilities to lighten the burden of compu- 
tation, and uninterrupted time for work, it is practically impossible to carry through 
any extensive plan of biometrical work in any reasonable length of time. It should be 
stated that I am alone responsible for the actual writing of this paper.^R P. 
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CBASACTKH 8TUDIKD AVD MSTHODB UBKD. 

In ehoosmg chancten for measiireiiient two somewhat conflictiiig 
things had to be kepi in mind. In the first jrface, to get adequate evi- 
denoe on the proUems attacked it was neoessaxj that seTeral characteis 
shonld be taken in each of seTeral members of a homologons series of 
organs. In the second place, practical considerations with reference to 
the time which conld be given to the work demanded that the total number 
of measurements to be taken on each individnal shonld not be too great. 
After carefnl consideration of the matter it was decided that the joints of 
the legs offered on the whole the best chance of getting light on the 
rektion of variation to differentiation and homology. The legs are more 
satisfactory appendages to deal with than the maxillipeds, because of their 
greater eize. Further, the morphological specialization of parts connected 
with the performance of special functions does not extend so far in the 
case of the legs. 




PM. 1.— ObUIb* of Iflf of crmyilsb beAiinc crest chela. 

It did not appear necessary for our purposes to take measurements of 
the same characters on both sides of the body. Consequently all measure- 
ments of bilateral characters were taken on the organs of the right side 
of the animal only. It will be understood without further reference to 
the matter that throughout the paper all statements regarding the joints 
of the legs are based on data from the appendages on the right side of 
the body. On each of the first three legs (i. e., the cheliped and the 
first two walking legs) the length of each of the three distal joints was 
measured. These distal joints were taken rather than more proximal 
ones, because of the greater degree of differentiation which they present. 
In addition to the measurements on the legs, the length of the cephalo- 
thorax and the breadth of the head were recorded. The following 
detailed statements in connection with fig. 1 will make plain the exact 
character of the measurements taken. 

For verbal convenience we shall throughout the paper use the follow- 
ing conventions in referring to the different legs: The leg bearing the 
great chela will be designated as 'Meg i;'^ the first walking leg as "leg ii;" 
and the second walking leg as ''leg iii.'^ 
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Using the preceding terminology, the measurements made may be 
listed as follows: 

(1) Length of the meripodite of leg i, from the edge of its proziinal dorsal prooeM 

for articulatioD with the ischiopodite to the distal edge of the joint on the 
median line. (Fig. 1, a-b.) 

(2) Length of the meripodite of leg ii. Measurements from the points correspond- 

ing to those given in (1). 

(3) Length of the meripodite of leg in. Measurements from the points corre- 

sponding to those given in (1) and (2). 

(4) Length of the carpopodite of leg i* from the proximal dorsal edge to the end of 

the distal dorsal process, where this joint articulates with the propodite. 
(Pig. 1, d-€.) 

(5) Length of the carpopodite of leg n. Measurements from the points corre- 

sponding to those given in (4). 

(6) Length of the carpopodite of leg in. Measurements from the points corre- 

sponding to those given in (4) and (5). 

(7) Length of the propodite of leg i, from the proximal dorsal process where it 

articulates with the carpopodite to the extreme distal end. (Fig. 1,/-^.) 

(8) Length of the propodite of leg n. Measurements from the points correspond- 

ing to those given in (7). 

(9) Length of the propodite of leg in. Measurements from the points correspond- 

ing to those given in (7) and (8). 

(10) Length of the cephalothorax, from the tip of the rostrum to the posterior 

margin on the dorsal median line. 

(11) Breadth of the head, between symmetrical p(^tB on either side in the cervical 

groove just in front of the two lateral spines. 

The dimensions were taken by means of a pair of fine-pointed dividers. 
They were then read off on a steel scale graduated to fifths of a millime- 
ter. All readings were made with the aid of a hand lens. The records 
were made to tenths of a millimeter, and may certainly be considered 
accurate to fifths. 

In reducing the material we have determined the correlation between 

every possible pair of characters. Since we are dealing with eleven 

11X10 
characters, the number of possible pairs is r — , or 55. From this 

material we are enabled to analyze in detail the phenomena of correla- 
tion in the eleven characters enumerated. 

In calculating the constants of the frequency distributions we have 
throughout used Sheppard's corrections for the moments. The work 
of computation was much facilitated by the use of a large 
arithmometer. 
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GENERAL DISCUSSION. 

The measurements upon which this work is based are given in the 
form of correlation tables in the Appendix (tables 22 to 32). The first 
thing which impresses one in studying these tables is the fact that we are 
dealing here with very high correlations, and almost perfect linearity of 
the regression. High correlation denotes, of course, a relatively great 
degree of constancy in the proportionality of the correlated parts. Our 
tables show that in the crayfish, so far as the range of the characters we 
have considered is concerned, there is very little variation in the array of 
one variable associated with a given type of the other. This means that 
there is a very strong tendency for definite and particular conditions of 
the different characters to be associated together. The fact that the 
characters which were chosen for this study are generally so highly cor- 
related makes them especially favorable for the discussion of our prob- 
lems, since high values for the coefficients of correlation give us low 
values for the probable errors, and hence we shall be able to estimate the 
probable significance of small differences with considerable accuracy. 

It seems desirable to collect together in one place the constants 
measuring the degree of variation and correlation exhibited by the 
characters studied. These constants are given in tables 1 and 3. These 
form the fundamental reference tables ; the data from them will be used 
in succeeding portions of the paper, to answer special problems. Table 
1 gives the following variation canstanta for the distribution of each of 
the eleven characters: Mean, mode, standard deviation, coefficient of 
variation, moment coefficients, /S,, /9„ kurtosis (/S, — 3), skewness, and 
modal divergence. The unit for the '^physicar' constants is 1 mm., while 
for the algebraical constants the unit is the unit of grouping, the value 
of which in millimeters is given in the second column of the table. 

From table 1 we note at once the following general facts regarding 
variation in the characters under consideration: 

(a) The relative variability in proportion to the size of the thing 
varying is of roughly the same order of magnitude in practically all the 
characters studied. With the single exception of the great chela (propo- 
dite of leg i), the coefficients of variation all fall between 11 and 14.3 
per cent. The great chela is very significantly more variable than any 
of the other characters. It is of some interest to compare our results on 
this point with some of the data which have been given by other workers 
for variation in other Crustacea. Table 2 makes possible such com- 
parison, and from the data there given one would conclude that in the 
dimensions of the body the crayfish is proportionately a much less variable 
form than is Eupagurus, and slightly more variable than OelasimtM, 
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Tablb l.—Clon»tant$ of variation in the erayflsh. 



Chabaotbb. 


Umit 

OF 

Gboup- 

IKO. 


Mban. 


MODB. 


Stahdabd 
Dbviation. 


GoBmcTBirr 

or 
Yabiatiok. 


Cephalothoraz 


mm, 

1 

0.5 

05 
0.4 
0.4 

0.4 
0.2 
03 

1 

03 

0.4 


26.032 ±0.115 
10.554 ± .054 

10.074 ± .063 
7347 ± .040 
8319 ± .042 

7.368 ± .042 
4.800 ± .026 
6.139 ± .032 

20.738 ± .150 
7.060 ± .034 
9.090 ± .043 


24.743 
10318 

9.666 
7.492 
8.486 

7.037 
4.562 
5373 

19.189 
6366 
8.983 


2.865 ±0.081 
1347 ± .038 

1.325 ± .038 
1.006 ± .029 
L066± .090 

1.051 ± .090 

0.658 ± .019 

.809 ± .029 

a743± .106 
0353 ± .024 
1.072 ± .030 


11.006 ±0316 
12.769 ± 368 

iai51 ± 379 
12.821 ± 969 
11.972 ± 344 

14.267 ± .413 
ia706± 396 
iai84 ± 380 

18.047 ± .528 
12.082 ± 347 
11.789 ± .339 


Head 


Meripodite: 


Leflrn 


ir"^ " . * w X 

Iieff in 


Carpopodite: 

~f»^ 


JjdK II 


Log m 


Pro«>£te: 


Iieff II 


tr^ 

Leff III 




Chabaothb. 


'^i 


f^ 


'^4 


^1 


^i 


Cephalothoraz 


8.9092 
7.2694 

7.0208 
63258 
6.9680 

6.9056 

10.8168 

7.2794 

14.0072 
8.0644 
71764 


14.1666 
8.0663 

9.4291 

83834 

10iS582 

93654 
21.6662 
16.7523 

35.1225 

ia9026 

9.0192 


220.7255 
1863628 

16a68m 
1263318 
16939995 

1561885 
386.5747 
246.7463 

661.1373 
216.6607 
16a7672 


03628 
1697 

3569 

■JXjOO 

3110 

3016 
3675 
.7276 

.4489 
3260 
3201 


33763 
a5469 

ai168 
ai696 
33830 

33543 
33964 
4.6666 

33697 
33160 
31797 


Head 


Meripodite: 


Iieff II 


Iieff ni 


Carpopodite: 

ijegi.x w w .X .. .. .. 


Jjegn 


Leg ni 


Propodite: 


i'*^' 

Leg II 


Leg in 




Ckabaotbb. 


KUBTOftlS. 


8BBWMB8S. 


Modal Divbb- 

OBHCB. 


TABLB NuMBBB.t 


Cephalothoraz 


0.2753 
.5459 

1158 
.1696 
.2890 

.2543 

.2954 

1.6565 

03697 
3160 
1797 


+0.4600 
+ 1748 

+ 3077 
+ 3530 
+ 3158 

+ 3144 
+ 3619 
+ 3293 

+ .4139 
+ .2406 
+ .0994 


1.289 ± 0141 
0336 ± XM 

.408 ± .065 
365 ± .049 
333 ± .052 

390 ± X»2 
338 ± X)32 
367 ± .040 

1.549 ± 184 

0305 ± .042 

.107 + .063 


22 


HMd 


22 


Meripodite: 

Leg I 


22 


Leg II 


22 


Leg in 


22 


Carpopodite: 


22 


Leg II 


22 


Leg ni 


22 


ProTOdite: 


22 


i*®^' 

Leg II 


22 


Leg in 


22 
















1 





1 In this oolomn are giT»n the nmnbtn of the ooireUtlon tmblas whara will b« found the dl»- 
tribaiions from whioh the oonstBnts of table 1 are dednoed. 
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%—€>m§Memi9of vanaHomim 





Rig^t chela le&cth 

oo .do. . . 

length., 
.do 



i i 

i 9BL313±a609 > 

23L43i± .508 

19l446± .438 

17.746± .372 



i FroBftal bieedth 

Median length 

Lateral margiB, great che- 

Lateral margiB, small che- 

lar side 

Meripodite of sreat chela. 
Carpopodite ofgreat chela 
Piopodite of mat chela. . 
Meripodite of emaJl chela 
Carpopodite of small chela 
Propodite of small chela. . 
Meripodite of second leg, 

great chelar side 

Meripodite of second leg, 
small chelar side 



Dorsal spine of rostmm . . . 
Veotral spine of rostrum . 
Dorsal spine of rostmm . . 
Ventral spine of rostmm . 



Da 
Da 
Da 



(MB) 



7.471 

7.se6 
asBO 

9.000 

9.fl57 

10.472 

ia855 

9.020 

1L139 

ane 

9.660 

9.160 

9.83 
15.03 
20.00 
28.26 



I 



(1901) 
Da 

Da 

Da 
Da 
Da 
Da 
Da 
Da 
Da 

Da 

Da 

Duncker (1900) 
Da 
Do. 
Do. 



(b) The Tariation in all the characters shows a distinct skewness in 
the [Kisitive direction. The value of the constant measuring the skew- 
ness ranges from 0.10 to 0.45, being lowest in the case of the propo- 
dite of leg III, and highest for the length of the cephalothoraz. That 
the distributions all deviate significantly from the symmetrical conditions 
given by the normal or Gaussian law is evident if we compare the values 
of the skewness and the modal divergence with the probable errors of 
th(5se c^jnstants for the normal curve. In a normal distribution where N^ 
tiie U)iB\ number of individuals, is 283 we have 

Probable error of skewness = d= 0.0491 

The probable error of the "modal divergence^^ for each case, on the 
asHutii[)tion of normality, is given in table 1. From these values we 
s<3e that in only one case (the propodite of leg in) is the value of the 
skewness or the modal divergence less than three times the probable 
error. For this character the constant is in each case almost exactly 
twice the probable error. Now, if these distributions were to be regarded 
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polyccm and Ita flttad enire for Tulattm in uipopodils of Isc I. 
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as folio wing the normal law within :h«r limi: o^ err^^rs due to random 
sampling, neither of these oonstanis should di3^ from zero by at most 
more than twice the probable errt?rs ffiTen- Bet the valnes of the con- 
stants actnallv obtained, with a sin^^e exoepci«3ii. greatlj exceed this 
limit. Hence there can be n<? doabc tha: we are dealing here with sig- 
nificantly skew variation. In order to make plain the character of these 
distributions with which we are dealing. &£& 2. 3. and 4. have been pre- 
pared. They show the frequency polygons and their fitted curves for the 
variation in the following characters: Fi^. 2. length of cephalothorax ; 
fig. 3, propodite of leg i: fig. -!« carp^podite of leg i. 

The curve for each of these three polygons b of Pearson's Type I, 
having the range limited in both distribatioQS. The equations to the 
curves are as follows: 

Length of cephalothorax. y = 10.0639 / 1 ^ ' ) /I — j="S5s) 
Propodite of 1*^1. ^^^.^^l^^y'^^l^^^^'' 

Carpopodite of I^ i, , = 43 a« (1 ^^V ""(l - sr^s)" 

It is evident from the diagrams that the curves gvnd excellent gradua- 
tions, quite as good as could be expected when dealing with less than 300 
individuals in the observational aeries. Therv are some points regarding 
the curves which need especial mention. In the first place, we note from 
the equations that the theoretical range is large in each case. The actual 
values are as follows: 



Length of cephalothorax. theoretical range = 33.TM3 
Propodite of leg i. theoretical range = iS.SC^ 

Carpopodite of leg i. theoretical range = H.7T3D 

These ranges evidently exceed considerably those observed, but this 
excess is practically entirely due to the extreme ** tailing out** of the 
theoretical curve toward large values, i. e.. on the ^ side of the mode. 
The truth of this statement is shown by the values of the following table: 





IiOWM«(-^ 


Ean> or Basi«& 


rppm -.--) EarD or Rasok 


OtMerred.i 


Th«orKicaL 


OteK^wL'. T^concieaL 


length of cephalothorax 

Prtpodite of leg I 

Cariwpodite of leg i 


MM. 

19.7 

13.6 

4.9 


1S.97S 
12.«10 
'4.539 


MM. ■»». 

36.7 52.732 
33.6 55.166 
11-3 * 19.313 



> Th« TaloM in iheM eolvrnm an Uw centers of tike Axtrvm* eluaw of t^ o^tf«r*««l 
'It ■kovld hm miMiBbeiud that the apparent discrtpaDcy between thM* ndnM and those of a^ aad 
in the third equation fn^ro arieee fioB the faot that the constant!! of the eqnation ara ci^ 
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No great BtresB is to be laid on the great overeBtimaticm by the theo- 
retical corvee of the ranges on the pins side, for two reasons. On the one 
hand, the constant a,, which gives the range on the pins side of the mode, 
is snbject to a large probable error. On the other hand, the total frequency 
beyond the observed npper limit of the range as given by the theoretical 
curve is so small as to be entirely negligible for all practical purposes. 
This will be evident from mere inspection of the ends of the curves, with- 
out going into the figures to prove it. 

Inspection of the curves leaves no doubt as to the substantial deviation 
of the distributions from the symmetrical condition of the normal curve. 
That the skewness is positive for all the characters studied is directly con- 
nected with the fact that there is a very high degree of correlation between 
these characters. Given a positive skewness for one character, say length 
of cephalothoraz, and we should expect that all other characters of the 
same organism which are closely correlated in sisse with the cephalothorax 
would also exhibit positive skewness. This is evident if we consider that 
positive skewness in the character mentioned merely means that there are 
more individuals with the cephalothorax larger than the modal condition 
than there are individuals with it smaller than the mode. But if deviations 
from the mode in cephalothorax length have associated with them corre- 
sponding deviations in the same direction of the other size characters, 
clearly we should expect a similar sort of skewness in the frequency dis- 
tributions of these other characters. In the present case we actually do 
find a very high degree of correlation or association existing between the 
different pairs, and hence that all should show skewness in the same 
direction is no more than is to be expected. 

The explanation of the fact that the direction of the skewness is positive 
is possibly in part that individuals in different molts were included in the 
sample. This, however, can at most account for only a minor part of the 
observed condition. It seems to us idle to speculate as to the fundamental 
causes concerned in the production of skew variation in cases of this kind. 
We can only hope to determine them by experimental investigations 
conducted od hoc 

(c) The kurtoslB is in every case positive, or, in other words, ^9, > 8. 
In order to get an idea of the relative significance of this constant it is 
necessary to compare the value of /9, — 8 with the probable error of ^9, for 
the normal curve. Working from the well-known formula we have, when 

isr=283. 

Probable error of /S, = ± 0.1564 
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We Bee at onoe that in the case of the distribotioiui for breadth of head 
and for the length of the carpopodite of leg iii, there is a certainly signifi- 
cant deviation from the mesokortic condition of the normal cnrve. The 
distribntions for the propodites of legs i and ii are probably significantly 
different from the condition of mesokartosis. In the other cases the valnes 
ot fi^ — 8 are less than twice the probable error and hence taken singly 
wonld have to be considered as probably not significant. Dne weight 
most, however, be given to the fact that all the distributions show devia- 
tions from mesokartosiB in the same direction. 

(d) Patting all the data together, we may safely conclude that the con- 
tinnoos variation in the characters of the crayfish which we have studied 
can not be adequately described by the normal or Gaussian curve. Both 
in respect to the symmetry of the variation about the mean or modal con- 
dition and in respect to the kurtosis the crayfish distributions deviate in 
a uniform manner from the normal curve. They demand skew curves for 
graduation. 

We have in table 8 the coefficients of correlation, together with their 
probable errors, for every possible pair of the eleven characters studied. 
It is at once evident that we are dealing here with very high correla- 
tions. The lowest coefficient in the table is 0.84, and from this the 
values run up to as high as 0.973. These high correlations are in accord 
with what has been found by other workers who have studied correlation 
in other Crustacea. (Cf. Terkes, 1901, and Schuster, 1908, for example.) 
The correlations between the different characters of the crayfish here 
studied are of the same order of magnitude as has generally been found 
for the correlation between bilaterally homologous oigans or characters.* 

In order to show graphically the closeness to linearity of the regres- 
sions l)etween these different cliaracters of the crayfish we have prepared 
the diagrams shown in figs. 6 and 6. Fig. 6 shows the regression of the 
length of the propodite of leg i on the length of the cephalothorax, and 
fig. 6 the regression of the length of the meripodite of leg iii on the 
length of the meripodite of leg i. These two cases were taken at random 
merely as samples of what holds generally for all the other characters 
studied. 



* Cf ., (or ezample, a table of the coefflcientB for such bilateral characters given as 
table III in Davenport (1903). 
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Tablb 3b — Coefficients of correlation in the crawfish. 



Chaxactbb. 



Cephalothorax 

Head 

Meripodite: 

Legl 

Leg II 

Leg III .... 
Carpopodite: 

Legl 

Leg II 

Leg III 

Propodite: 

Legl 

Leg II 

LegUI 



CaPHALOTHOBAX. 



1 

0.0358 ± 0.0060 



.9027 ± 
.0814 ± 
.0682 ± 

.018&± 
.80i8± 
.8600± 

.0310 ± 
.0635 ± 
.0625 ± 



.0020 
.0063 
X)033 

.0040 
.0080 
.0105 

.0051 
.0096 
.0037 



HaAD. 



0.0358 ± 0.0060 
1 

.0282 ± .0066 

.0184 ± .0063 

.0233± .0050 

.0156 ± .0065 

.8753 ± .0004 

.8305 ± .0118 

.0106 ± .0068 

.0200 ± .0061 

.0304 ± X)054 



If aaiPODira of 
Lao I. 



0.0627 ± 0.0020 
.0282 ± .0056 



.0665 ± .0026 

.0686 ± .0025 

.0688 ± .0032 

.8043 ± .0080 

.8652 ± .0101 

.0430 ± .0044 

.0678 ± XXB3 

.0570 ± jooas 



If aaiPODzra of 
Lao II. 



0.0314 ± 01)063 
.9184 ± .0063 

.0665 ± .0026 
1 

.0720 ± xmi 

.0602 ± .0030 
.0083=b .0070 
.8632 ± .0102 

.0440 ± .0044 
.0e06± .0024 
.0660 ± .0035 



CHAaAcraa. 



Cephalothorax 

Head 

Meripodite: 

Legl 

Leg II 

Leg III 

Carpopodite: 

Legl 

Leg II 

Leg III 

Propodite: 

Legl 

Leg II 

Leg III 



MaazpoDira of 
Lao in. 



0.0582 ± 
.0233± 

.0686± 

.0720 ± 

1 

.0601 ± 
.0021 ± 

.8742 ± 

.0530 ± 
.0670 ± 
.0736 ± 



0.0033 
.0050 

.0025 
.0021 



.0031 
.0075 

xxm 

.0036 
.0026 
.0021 



GAapopomra of 
Lao I. 



0.0185 ± 0.0040 
.0156 ± X)065 

.0588 ± .0032 
.0502 ± .0030 
.9601 ± .0031 



.0060 ± .0071 

.8685 ± .0000 

.0677 ± .0025 

.0531 ± .0037 

.0463 ± .0042 



GAapopoDira of 
Lao U. 



0.8048 ± OX)080 

.8753 ± .0004 

.8043 ± .0080 

.9083 ± .0070 

.9021 ± .0075 

.9060 ± .0071 

1 

.8888 ± .0084 

.8032 ± .0081 

.0036 ± .0074 

.0027 ± XXn4t 



CAapopoDira of 
LaoUL 



0.8500 ± 0.0106 

.8306 ± mis 

.8652 ± .0101 

.8632 ± .0102 

.8742 ± .0005 

.8685 ± .0000 

.8888 ± .0084 
1 

.8613 ± moi 

.8673± X)000 

.8757 ± .0003 



CHAaAoraa. 



Cephalothorax 

Head 

Meripodite: 

Legl 

Leg II 

Leg III 

Carpopodite: 

Legl 

Leg II 

Leg III 

Propodite: 

Legl 

Lcgll 

Leg III 



PaopoDira of 
Lao I. 



0.0340 ± 0.0051 

.0106 ± .0068 

.0I3^± 0044 

.0440 ± .0044 

.9630 ± .OOiO 

.0677 ± .0025 

.8082 ± .0061 

.8613 ± .0104 



.9506 ± .0039 
.9402 ± .0046 



PaopoDira of 
Lao II. 



0.9535 ± 0.0036 

.9200 ± .0061 

.0578 ± .0083 

.0606 ± .0024 

.0670 ± .0026 

.0531 ± .0037 

.0086 ± .0074 

.81)73 ± .0000 

.0506 ± .0030 

1 

.0610 ± .0031 



FaopoDira of 
Lao in. 



0525 ± 0.0037 
.0804 ± .0064 

.0570 ± xxm 

.0650 ± .0085 
.0736 ± .0021 

0463 ± .0042 
.0027 ± .0074 
.8757 ± .0003 

.9408 ± .0046 
.9610 ± .0031 
1 



1« 
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2/5 



a/5 



9.15 



fojs U.IS a.t5 

Length of Mj in mm. 



1X15 



t4JS 



ISJS 



Flo. 6.— Diairram slkowiiiff the recreiaion of the meripodite of lee ni on the meripodite 

of lev I* Signii&eeiiee of the linee •■ in flc* B. 

There can be no donbt as to the linearity of these regressions. 
With these general data tables in hand we may proceed at once to the 
discnssion of special topics. 



VARIATION AND DIFFERENTIATION. 

The question with which we have to do in this section is that of the 
relation of variation to differentiation and morphological specialization. 
In respect to all of the joints investigated, legs i, ii, and iii are differen- 
tiated from each other. In the case of leg i this differentiation is of 
coarse obvious. We have in the cheliped a part which has developed to 
a high degree in comparison with its serial homologues, the walking legs. 
This specialization in respect to size and form is associated with the per- 
formance of an altogether different set of functions from those of the 
walking legs. An examination of the following table shows at once that 
there is a sensible, if less marked, differentiation between corresponding 
joints of legs ii and iii. 



Table 4. — Ccmparimm of the mean length of eorreeponding Joints in legs II and HI, 

[Means from taUe 1.] 



Joints. 


hmaU. 


Lso 111. 




Meripodite. 


7.847±0.040 
4.800± .026 
7.0e0± .034 


8.819±0.042 
6.ia9± .032 
9.0e0± .043 


0.972±0.068 
1.339± .041 
2.0a0± .066 


CaiDODodite 


V/MpVUWlM7 

Fropodite 
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Each joint of leg iii is larger than the corresponding joint of leg ii, 
bj an amount which ia in every case many times its probable error. Not 
only are legs ii and iii differentiated from one another in absolute size, 
bat also in their proportions, as the following ratios show. 

mf^ 'nodit» ' ^ n =01.2 per cent; leg ui = 69.6 per cent. 

KS^Tto^ — * leg II = 68.0 per cent.; leg ni = 67.5 per cent. 

— nr^ — t leg n = 90.0 per cent; leg in = 103.1 per cent 

How do these differentiated appendages compare with respect to rela- 
tire variability ? Does the degree of variability mn parallel to the degree 
of morphological specialization, or does the reverse relation hold? To 
•bow the bearing of our results on these questions, table 5 has been pre- 
pared. This gives the coefficient of variation for each joint of each leg. 
On account of the differentiation of the legs in absolute size it is idle to 
use the standard deviation as a measure of comparative variability. 

Table 5,^ Comparative variabUUy of different appendages — coefficients of 

variation. 



JOIMT. 


LboI. 


LmU. 


LmIU. 


Meripodite 

CarDODodite 


13.151±0.379 
14.267± .413 
18.047± .528 


12.821±0.369 
13.705± .396 
12.062± .347 


11.972±0.d44 
13.184± .380 
11.789± .339 


Propodite 


Mean . , . , » r t , , . . . . 


15.166 


12.809 


12.315 





From this table we note the following points: 

(a) Leg I is the most variable of the three; leg ii stands next, and 
leg III is the least variable, but the differences between the last two are 
practically insignificant. 

(b) The differences between corresponding joints of the different legs 
in n)8i)oct to relative variability are, on the whole, small as compared with 
their probable errors. The only marked exception is the propodite in leg i. 

(c) The considerable excess of the mean variability of the joints of 
leg I over the means for legs ii and in is largely due to the great 
variability of the propodite of leg I (i. e., the great chela). This is by 
far the most variable of any of the characters studied. The high varia- 
bility of the great chela has been noted by other studeuts of variation in 
the Crustacea (cf. Yerkes, 1901, and Schuster, 1903). 
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From these results we conclude that the appendage which is tnost 
highly developed and specialized morphologically is also relatively the 
most variable. This may be taken as a confirmation of Darwin^s law that 
highly developed parts tend to be more variable than corresponding parts 
of ordinary size. It is in agreement with Terkes* (1901) results on 
Oelasimus. 

So far we have been considering the variability in proportion to the 
absolute size. Another equally important point to be considered is the 
variation, not in the absolute size of the parts, but in the proportions of 
the body. Thus it is conceivable that the great chela might be relatively 
the most variable part of the body in its absolute size, and yet that the 
proportionate length of this organ in relation, say, to the length of the 
cephalothorax would be one of the least variable dimensions. Having 
determined the relative variability of the parts in respect to absolute size, 
we must next study the variability in respect to proportions. This we 
may of course do by expressing each dimension in the form of an index. 
Thus, we may express the length of each joint of the legs as a percentage 
of the cephalothorax length, instead of in terms of millimeters or other 
absolute units. The variation of these indices will then measure the 
extent to which the proportions^ as distinct from the size of the parts 
of the body are varying. In order to determine the variation shown 
by these indices we may resort to the theorem given by Pearson (1897). 
He has shown that if we let !„ denote the mean value of an index, 
Xi/x^; 2j, the standard deviation of this index; and t;, and t;, the coeffi- 
cients of variation of a;, and x^ and r,, the coefficient of correlation between 
the same characters, then 

where m, and m, are the means of the characters x^ and x„ and 

2ij = f IS l/(t;,« + v^ -2riMVi r,) (ii) 

In the present case it seems best to use the length of the cephalothorax 
as the basis of reference in determining the relative proportions of the 
different joints of the legs. That is, in the index fraction a?, /a;,, x^ will 
denote in every case the length of the cephalothorax, while for Xi will be 
put successively the different joints of the different legs. Proceeding in 
this way, and putting the result in each case in the form of a percentage, 
we shall have the length of each joint of the legs measured in hundredths 
of the cephalothorax length. 
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Working in this way from formnla (i) above, we have for the 
indices, or the mean proportions of the joints of the legs in oomparison 
with oephalothoraz length, the results set forth in table 6. 

Taslb S.— Jf«m proparUoHB of the dijfertnt jcinU of the ieg«. 
(Unit ■ 1 pM etDi. of Mpbmloiborsz l«Bctii.] 



JoniT. 



MafipodiU . 
CarpopodiU 
PropodiU . . 



LmL 



38.63 
28.22 
79.15 



IL 



30.U 
18.44 
27.11 



m. 



33.86 
23.57 
34.91 



By this table of mean proportions the differentiation between the legs 
is again clearly shown. In passing it may be remarked that the valnes 
for the (iro{)ortions of the different joints of the legs as given in this table 
will perhaps be osefnl for diagnostic purposes in defining the species, 
since they represent the mean of a considerable number of specimens. 
In this connection, however, the point brought out in a later section of 
the {laper, dealing with *'index correlations'' (pp. 40-46), must be kept 
in mind. 

Taming to the question of the relative variability in the proportions 
of the different legs, we have the results given in table 7. The values 
in this table are the standard deviations of the indices whose means are 
given in table 0. 

Tasls I.^Variataity of the proportion$ of the diferent joints of the legs, 

(Unit ■ 1 per etoi. of oephalothoraz leoffih.] 



JOIVT. 


Stamdabd Dbyxatiom. 


Let I. 


Lee 11. 


Lee nr. 


MarlpodlU 


1.616±0.0i3 
1.4ei± .041 
6.876± .195 


1.433±0.041 
1.150± .083 
0.997± .028 


1.170±0.083 
1.6e3± .045 
1.255± .036 


Ctrpopodlto 


PffopoalU 


Mean 


3.284 


1.193 


1.339 





From this table the following points are to be noted: 

(a) Leg I, the most highly developed and differentiated of the three 

under consideration, is the most variable in its proportionate as well as 

in its absolute size. 
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(6) When the proportionate size is considered, the order of compara- 
tive variability of the legs is i, iii, and ii, whereas when we deal with 
absolute size the order is i, ii, and iii, as shown in table 5 above. The 
difference between legs ii and iii in mean variability is relatively greater 
for the proportionate than for the absolute dimensions. 

(c) The great excess in variability indicated by the mean of the '4eg i" 
oolnmn of the table is, as before, clearly dne in large measure to the extreme 
variability of a single joint, the great chela. However we measure this 
joint it is far and away the most variable of the lot. 

(d) The extremely low variability of all the appendage-cephalothorax 
indices (with the exception of that involving the propodite of leg i) is 
noteworthy. It is another expression of the fact of extremely high 
correlation in the parts of the crayfish body, which we have already 
seen. Schuster {loc. cit) found a very low variability of the chela index 
in Eupaguru8. 

Putting all our results together, we have seen that when we compare 
the several joints of three differentiated but serially homologous append- 
ages of the crayfish in respect to relative variability, it is found that the 
leg bearing the great chela is, in all the joints studied, the most variable. 
This is true whether we deal with the variation of the parts in their 
absolute sizes or with the variations in their proportionate dimensions 
referred to the cephalothorax length as a base. But it is obvious that 
the leg bearing the great chela is the one of those studied which is most 
widely differentiated from the primitive type of the decapod limb, and 
is also most highly specialized for the performance of a particular set of 
functions. We hence conclude that, in the present case at least, a reUi- 
Hvely high degree of morphological differenticdion and specialization 
has associated with it a relatively high degree of variability in the parts 
concerned. This, so far, is merely a statement of a fact regarding the 
external morphology of the crayfish, and involves no theory as to the 
nature or cause of such a relationship. An obvious suggestion as to the 
cause of the greater variation shown by leg i is that since this is the 
appendage which is on the whole most liable to injury, it will most often 
be in process of regeneration. It might perhaps be maintained that our 
sample contained a considerable number of individuals regenerating in 
this leg, and that the greater variation really arose because of the inclu- 
sion of different regeneration stages. It is possible that a part of the 
observed result is to be explained in this way, but in our opinion the 
influence of the possible inclusion of regenerating individuals must be 



aO TABIATIOX AND OOBSELATIOS K THE CKATFISH. 

ahogeihcr ini^iufieaiit in br iagiug about oar o ba er i cd letolte. Tbere 
are mewerml rematm for tliis ^»»«» la die fixal plaee, aa haa been stated 
abore (p. 3 k before tbe aigfaring was begim die material was rery 
carefnll T examined and in ererr case wbere tbere vas die dightest eYid^ioe 
that regeneratioo in an j of the appendages uicaunred was going on, the 
specimen was pot aside and not incloded in the measuring. This would 
at once exclude all bot thoae in which regeneration was Tery nearly com- 
plete, and that there shoold have been any consideraUe portion of the 
sample in which the right chela was in snch an adranced stage of regen- 
eration as to be indistinguishable from the normal under careful examina- 
tion, is very unlikely. Furthermore the facts that (i) each ol the three 
joints studied is more variable in leg i than in either of the two other 
legs, and (ii> that the propodite of leg I is much more variable than 
either the meripodite or carpopodite of that leg when taken together, 
seem to us very difficult if not impossible of explanation on the assump- 
tion that the observed degree of variation in 1^ i is in any considerable 
part the result of the inclusion of non-homogeneous regenerating materiaL 
The matter may be looked at in another way. It might be assumed, 
with a fair d^ree of probability, that in any random sample whatever of 
adult crayfish taken from their natural habitat there would be a definite, 
perhaps even considerable, proportion of individuals which had regene* 
rated at some previous time one or both of the great chelae. If, then, it 
be further assumed that there is a tendency for a regenerated structure to 
be formed with less quantitative precision — that is, in the aggregate with 
greater variation — than when it is originally formed in the normal on- 
togeny, we have at once an explanation for the greater observed variation 
of leg I as compared with legs ii and ill. The chief difficulty with this 
hypothesis is that we are in absolute ignorance as to the validity of the 
second assumption. No systematic biometrical study of the relative vari- 
ability of original and regenerated structures has ever been made, though 
the field to be opened up by such work is a most promising one. It leads 
at once to the general problem of the relative precisian with which dif - 
ferent morphogenetic processes operate. I have discussed this problem 
in some detail for the normal ontogeny* and have been able to demon- 
strate for one form, at least, that parts successively produced tend to 
become less variable with each successive formation. If the same law 
should hold true for regenerated structures as for successive formations 



♦Cf. Pearl, Pepper, and Hagle, 1907. 
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in the normal ontogeny, then clearly the aeoond aaaomption made at 
the beginning of this paragraph ia incorrect, and the anggested explana- 
tion of our present reanlta wonld fail. It is impossible to reach any con- 
clusion regarding the point until biometrical studies on regeneration have 
been made. 

One further point in this connection is of interest. There is no 
reasonable doubt that the differentiated, specialized condition of the leg 
bearing the great chela is phylogenetically a relatively late acquisition. 
In other words, it is not a primitive morphological condition. But we 
find that this part which has been modified most recently phylogeneti- 
cally is also the most variable of the three appendages studied. In so far 
we have direct statistical confirmation in a single case of the dictum that 
phylogenetically young structures tend to be more variable than those 
older and more primitive. In our opinion, however, no particular stress 
is to be laid on this fact. The real cause of the greater variability of the 
cheliped appears to us to lie most probably in ontogenetic (in particular, 
growth) rather than phylogenetic factors. 

So far we have discussed the variation in the appendage as a whole. 
We may now consider very briefly the different segments of the leg 
separately with reference to their comparative variability. The data are 
given in convenient form in tables 5 and 7. It has already been noted 
that the most variable single joint of all those on which we have data is 
the propodite of leg i. Leaving this out of account as a specialized organ, 
and comparing the other segments, it is seen from table 6 that in both 
legs II and iii the carpopodite is relatively the most variable. Also in 
the case of leg i the carpopodite is more variable than the meripodite. A 
relatively high degree of variability of the carpopodite, as compared with 
meripodite and propodite, is shown in Terkes* (1901) figures for Oela- 
attnua pugilcdor. Our results thus stand in agreement with his on this 
point. In legs ii and iii the meripodite and propodite are substantially 
equally variable. The differences in the coefficients are almost certainly 
insignificant in comparison with their probable errors. Theee are the 
results when the variation is measured from the absolute dimensions. If 
we consider the variation in the proportions of the different segments as 
given in table 7 the results are not quite so regular. Leaving out the 
great chela as before, we see that in legs ii and iii the meripodite is more 
variable than the carpopodite. The difference is probably not significant 
in the case of leg i, but it certainly is in leg ii. In leg iii the carpopo- 
dite is again the most variable joint. It might be thought that the 
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terminal segnieiit d( a series such as that prasnted hj the leg oi the 
crajfiah would oocapy an extreme position with reqiect to relative varia- 
bility, bat such does not af^iear to be the casa The propodite is neither 
the most Tariable nor the least Tariable jcnnt nniformly. 

We may next examine somewhat more in detail the tac^ regarding the 
skewness in the different segments of the appendages. In table 8 the 
data are arranged in oonvenient f<vm for comparison. 

Tabls 8. — Skewne99 in variation of the dUJfereni JoinU, 



(+ 



0. 



LtffL 



LacII. 



LflCin. 



Maripodite. 
Carpopodite 
Propodite .. 

Mean. 



O.3077 
.3144 
.4139 



0.3630 
.3819 



0.3158 
.3298 
.0094 



.3453 



.3185 



We see from this table that — 

(a) Considering the means of the oolomns, leg i shows the greatest 
skewness in its variation, and there is a steady decrease as we pass to legs 
II and III. Great weight, however, is not to be laid on this conclnsiim 
drawn from the means, for the reason that it is obvions that the excess d( 
the mean skewness for leg i over that for leg u is doe entirely to the infln- 
ence of a single joint, the propodite of leg i. It was shown above that 
the great chela was the most variable single segment, and it is now seen 
that it also has the greatest skewness in its distribution. In other words, 
the most specialized stmctore of those studied shows a maximum degree 
not only of variability but also of skewness. 

(b) Leaving the great chela out of account, the segment which in each 
leg gives the distribution with the greatest skewness is the carpopodite. 
The difference between carpopodites and meripoditee in skewness is not 
large, but since in every case it is in the same direction, it is probably 
safe to conclude that there is a slight tendency for the former to have 
generally the more asymmetrical distributions. Here, as in (a), we 
find degree of skewness and degree of variability going parallel, it having 
been shown above (p. 16) that the carpopodite is the most variable of 
the joints after the great chela is put aside. 

(c) The low degree of skewness in the distributions for the propodites 
of legs II and in is noteworthy. In fact, the propodite distribution for 
leg III is, within the limits of error from random sampling, symmetrical 
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Snmmarizmg the reeults of the section: It has been shown that in 
the system of oif^ans given hj the joints of the crayfish leg, the moet 
highly differentiated and specialized organ of those studied, the great 
chela, exhibits the greatest amount of variation and the highest degree 
of skewness in its variation. Aside from the great chela the most vari- 
able single segment on each leg is the carpopodite. This joint also shows 
the greatest skewness in its distributions. In the cases where the differ- 
entiation between segments is not very great in amount, there is very 
little difference in the relative variabilities. So far as our variation 
results go they suggest the following conclusions: 

(i) That relative degree of morphological development or specializa- 
tion and relative degree of variability run parallel 

(ii) That degree of skewness and degree of variation tend to run 
parallel. 

It is to be understood that these are only the statements of results 
obtained from the present material. They are not offered as generaliza- 
tions, but rather as suggestions of questions on which any additional data 
will be welcome. 

GORRELATION AND LOCATION OF PARTS. 

The discussion of the correlation results may conveniently be begun 
with the consideration of the problem of the influence of the relative 
position of two organs on the correlation between them. Is the correla- 
tion between two contiguous organs or parts in general greater than the 
correlation between two organs more or less widely separated from one 
another? Or, put more generally, is there any definite relation between 
degree of correlation and relative location of parts within the organism? 
It is obvious that a definite answer to this question would be of impor- 
tance in any attempt to formulate a general theory of the origin and laws 
of organic correlation. In their elaborate study of the correlation between 
the different bones of the human hand Lewenz and Whiteley (1902) found 
in several instances clear evidence of such a ''rule of neighbourhood,*^ as 
they term it. Thus they find (p. 360) that: 

GeneraUj there is a ^mle of neighbourhood," L e., anj bone is more doeelj cor- 
related with a second of the same seriee than with anj other from which it is separated 
bj that second. Speaking roundlj this is true for both lateral and longitudinal series; 
but there are apparently significant deviations from this rule, the most notable of which 
are, perhaps, those of the distal phalangee, which on all of the fingers of both hands tend 
to be more highly correlated with the metacari>al bones or the proximal phalanges than 
with the middle phalanges. The middle phalanges, however, obey the general rule. 
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In his study of correlation in OekmmuM prngUatcr Dnncker (19(3) 

finds evidence of a law of contiguity. He says (p. 319) : 

Der wie bei bilateral homologen Merkmalen Sberliaapi bIsIb poaitiiFe Konda- 
tiooakoeffiiieot der iiDtanQchien Fuu« homoloser DimanaioaoD ist am ao grOonr, ja 
niher die gemMBenen Orgaoa einaoder liegea. 

With our present material it is obvioos that we may consider the ques- 
tion of contiguity and correlation from two standpointa. First, we may 
take the structures in contiguous or non-contiguous metameret^ L e., in 
the antero-posterior series; and again, we may test the matter on the con- 
tiguous and non-contiguous segments within the single metamere. This 
last gives what may be called a lateral series. 

Taking first the location of parts in successive metameres, table 9 
has been arranged to bring together the results in most convenient form 
for direct comparison. 8ince we have data from three legs, it is evident 
that there are three possible combinations of pairs, viz, i with ii, i with 
III, and II with iii. In the second, third, and fourth vertical columns of 
the table the correlation coefficients for the joints of these three combina- 
tions of legs are given. The particular pair of joints to which an indi- 
vidual coefficient belongs is given in the first column of the table. The 
first joint of each pair as they are entered in this column always belongs 
to the first leg of each of the three pairs at the heads of the column& 
Thus, to take a single example to illustrate how the table is to be read, 
by looking at the point where the sixth row and the second column of 
figures meet, the entry 0.9601 is seen; this is the coefficient measuring 
the correlation between the carpopodite of the cheliped and the meripodite 
of the second walking leg. Finally, in the last column of the table a plus 
sign ( -H ) is entered whenever the correlation between a contiguous pair 
of legs is greater than the correlation between a non-contiguous pair. 
When the correlation is greater for a non-contiguous pair a minus sign 
( — ) is entered. 

Table 9.— Correlation and location of $egments. 



SBomDrrs. 



Meripodite with meripodite . . . 
CarpoDodite with carpopodite . 

Proj^ite with propodite 

Menpodite with carpopodite. . 

Meripodite with propodite 

Carpopodite with meripodite. . 
Carpopodite with propodite . . . 
Propodite with meripodite ... . 
Propodite with carpopodite. . . 



Laos I AND II. 



0.9G65± 0.0026 
.9009 ± .0071 
.9506± .0039 
.8943 ± .0080 
.9678 ± .0033 
.9602± .0039 
MS31± .0037 
MiO± X)044 
.8932 ± .0081 



Laos I AMD III. 



0.9686 db 0.0025 
.8685 ± .0099 
.9402 ± .0046 
.8652 ± .0101 
.9579± .0033 
.9601± JOOSi 
.9463± .0042 
.9539± .0036 
.8613 ± .0104 



LiBOtllAllDlII. 



0.9729 ±0.0021 
.8888± .0084 
.9601 ± .0031 
.8632 ± .0102 
.9569± .0035 
.9021 ± .0075 
.9027 ± .0074 

.d670± xxoe 

.8673 ± .0099 



- + 

+ + 

+ + 

+ - 



+ - 
- + 
+ H- 
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From thifl table it is seen at once that the reealts with homologous 
joints are qoite different from those with non-homologons. Considering 
only the pairs of homologous joints at the upper end of the table, there is 
only one case out of the possible six in which the correlation is higher 
between the non-contiguous pair of legs. In that case the difference 
between the two coefficients is altogether insignificant in comparison with 
its probable error (difference = 0.0021 ± 0.0086). The ''rule of neigh- 
bourhood" thus evidently holds for the correlation between homologous 
joints of the different l^s. The result may be stated in the following 
way: 7%6 carreUUion between the homologous segments of two legs is 
higher when these two legs belong to contiguous metameres than when 
they are separated by an intervening metamere. 

There are twelve chances of comparison when the correlations of the 
non-homologous segments are considered. A reference to the last column 
t)f the table shows that in six of these cases the correlation is higher in 
the non-contiguous pair of legs; while in five cases it is higher in the 
contiguous pairs. In one case there is practically exact equality between 
the coefficients, the difference being only 0.0001. The indication clearly 
is that, so far as the non-homologous joint correlations are concerned, it is 
about an even chance whether the excess will be in favor of the contiguous 
or the non-contiguous pairs of legs. Before definitely accepting this con- 
clusion, however, it will be well to determine whether the plus ( + ) differ- 
ences are in the aggregate larger than the minus ( — ), or vice versa. 
Further, it is clear that it will be better to compare the proportions of 
the differences to their probable errors rather than to the absolute values. 
Accordingly, in table 10 is given for each plus ( + ) and minus ( — ) differ- 
ence in the lower half of table 9, the value of the ratio of the difference to 
its probable error (i. e., Diff. /P. E. Diff.). 

Tablk 10.— Correlation differences^ to show the relative signifleanee of the 
plus (+) and minus (— ) entries in the last column of table 9, 



Diff. / P.E.Diff. 


Pins (+). 


Minus (-). 


2.26 
1.21 
2.96 
2.42 
0.42 

• • • • 


0.14 
.42 
1.96 
7.16 
6.13 
1.74 


>1.86 


>2.76 



iMean. 
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From this table it is quite clear that neither the plna ( + ) nor the miniiB 
( ) set of differences can be discarded as probably merely a result of 
random Aamplin^. Instead it must be concluded that there are real and 
detinito exceptions to the rule of contiguity when the correlations of non- 
honiolo^uis jointji are considered. The most striking exceptions to the 
rule nr%» the corrt^Iations which involve as one variable the carpopodite of 
li^ I. Thrtv out of the four of these correlations give minus ( — ) excesses 
and two an« verv lan^", the diffexvnces ratios beinir 7.16 and 5.13y the 
Inr^cHt in the table. On the whole we may conclude that in the carrela- 
ttoH of HOH'homoHhtou^t stymt^ts of Uys belonging to different metameres 
tht^rr is HO lU'HHtU' r^riifc-mv in favor of the rule of contiguity. The 
•HxK^t stnkiHyj cu\>7>/ii"k< to t\e rule are the correlations involving the 
iMr/K'/Hsii/c of i\f cheUi^. 

>Vc mav ne\t ixMi^ider the problem of the influence of position on cor- 
ivUtuM) >ftiihiu the meiAnit^re. The quei^tion here is: Are contignouB 
Mc^uirutM x\t the Mttie le^ mv^iv hi^rhly correlated than non-oontignouB 
iii>^uieutAy To answx'r ihi* labk* 11 has been prepared on the same 
^ouovhI )\lau Aji uhle ^•V A* N-forv. ihe excvss is designated plus ( + ) 
>fchoii I ho \\\iiti^UKHi» j<nut v\*rr\*lA::>>3* are lie larger. 



l\«h« \\ iVr> Y JU ft >.'* a«i c\*«»sx'm r«ski» the 



\^ 



\ 

W 
\\\ 
















5T5Tr jCCBS 



- + 



It \a \^\ ^U^a tt^jii >fcv hAw >vre :^.<' ^\:jiv.-2 .x^^c:e c-f Uie rule of con- 
li||M^V\« *v\%v|vt ui iho s>*>^* .>f :%«^ . r^--^ ::-^ ":w^.. ^vrr^rlaiioQS involving 

IHU^vUUvxHu.s^te^Uv^^^t ^v^.^^. j^ ^^ ^^ , . .^^ -..C'.xxiUimous joint 
«H\(V%vUl\vMMi H\v K«^>Ai;^\ xu sxvxw .>i* ->c .vcr::.c2»-cs. Tx- si:ioh stress 
JWI us^t K^ Uk» .V,, kS,^ ,,^.^:.. x^^v-v. Sv^7* /c :L-^ f*:: :ha: we are 
y^^ ^^^^ ^"^V^ *^^w >vu.x tk^> ,^c .V .vcv^-jxc:* x— : .-orr^Iationa 

iSJI^vk k^ ''*^'* ^^^''' '^'^ ^--^ V^fxxi' V .x^- -i :-c:j ./le? : are 
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carpopodite correlationB which is strong enough to ontweigh any poten- 
tial influence of position. The question as to whether the rule of con- 
tiguity holds within the metamere can not be definitely settled until a 
larger number of segments than is here considered has been dealt with 
from each leg. 

The results set forth in this section of the paper may be summarized 
as follows: The rule that structures occupying positions within the 
organism contiguous to one another are more highly correlated together 
than non-contiguous structures is found to hold (with a single insig- 
nificant exception) for the correlations of the homologous segments of 
different legs; it also holds for about half of the correlations between the 
non-homologous joints of different legs; it fails signally in those cor- 
relations involving a carpopodite as one of the variables, both in the case 
of the non-homologous joint correlations of the different legs and in the 
case of the correlations of the joints of the same leg. These exceptions are 
probably due to the influence of some special factor concerned in the 
carpopodite correlations. 

CORRELATION AND HOMOLOGY.* 

The problems to be considered in this section are as to the influence of 
morphological homology on the degree of correlation between parts. Are 
homologous structures in general more highly correlated than function- 
ally similar but non-homologous structures? Our data furnish abundant 
material from which light may be gained on this and the subsidiary 
questions which are suggested by it. We 
may first attack the general problem accord- 
ing to the following plans: It is evident that ^ ^ ^ g 
the same segments of the different legs are 
serially homologous. The correlations between 

these will furnish data for the ''homologous" ^'^- ' -^^' explanation see text. 

side of the comparison. What shall be compared with these to make a 
fair test? It is clear that there are several possible ways to proceed. The 
correlation between joint a of leg A (fig. 7) and its homologue, joint a of 
leg B, may be compared with the correlations (i) between joint a' of leg A 
and joint b' of leg b; (ii) between joint a of leg A and joint c' of leg B. 

* A preliminary paper dealing with the subject taken up in this section has been 
published by Clawson (1905). An entire recalculation of the constants after the publi- 
cation of this preliminary paper led to the discovery of several minor arithmetical errors. 
These have now been corrected with the effect of making the whole system of correla- 
tions somewhat smoother, but without essentially affecting the conclusions. 



a b c 

a' b' d 

a" b" g" 
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Similar combmations may be made for joint a' of leg B and joint a' 
of leg c. The whole system so formed will afford a comparison between 
(a) the correlation of a joint in a first leg with its homologne in a second 
leg, and (/9) the correlation of the first joint with the non-homologons 
joints of the second leg. It is clear that in snch a system of comparison we 
avoid entirely any possible conflicting influence of the two factors homol- 
ogy and contiguity of parts within the metamere. In order to detect 
what the relative influence may be of homology and contiguity in an 
antero-i>osterior direction (i. e., between metameres), we have merely to 
separate the data in the appropriate way in the tables. In all of these 
tables a plus ( + ) entry in the column headed '^exoess*^ means that the 
constants for a pair of homologous joints is greater than that for the corre- 
sponding non-homologous pair. The data are given in table 12. 

Tablk 12. 

(A) MERIPODFTES OF LBQS I AND 11, AND II AND III (CONTfOUOUS IfSTAMKRBS). 



I 



Homologous 

JOINTII. 



Meripodita i 
with meripo- 
dita if (aa).* 



Morijpodite ii 
with meripo- 
dito ill (a' 



CoimciBirT. 



0.9666 ± 0.0026 



.9729 ± .0021 



Bxc 



+ ( 8.60) 
+ ( 2.0T) 
+ ( 3.54) 
+ ( 4.41) 
+(10.56) 
+ ( 4.26) 
+ ( 9.19) 
+( 1.79) 



Coi 



0.8943 ± 0.0080 

0)678 ± ffSR 

.9602 ± .0099 

•iFx4U db AAM4 

.8632 ± .0102 

.9669 ± .0096 

.9021 ± .0076 

.9670 ± .0026 



NoM-HOMOLOOOua Jonm. 



Meripodite i with car- 

popodite II {ah' ). 
Meripodite i with pro- 

podite n (ae'). 
Meripodite ii with car- 

popodite I (a '6). 
Meripodite ii with pro- 

podite I (a'c). 
Meripodite ii with car- 

popodite III (a '6'). 
Meripodite ii with pro- 

podite III (a'e'). 
Meripodite in with 

car popodite ii (a '6'). 
Meripcxlite ii with pro- 

podTitei (a'c'). 



(H) MRRIPODITBS F LB(}S I AND III (NON-CONTIOUOUS METAMKBSB). 



9 



MeriiKxlite i \ 
with meripo- ( 
dite III (aa'). ) 



0.9686 ± 0.0026 



+ (9.94) 

+ (2.61) 

-I- (2.18) 

+ (3.42) 



0.8662 ± 0.0101 
.9679 ± .0093 
.9601 ± .0031 
.9639 ± .0036 



Meripodite i with car- 
popodite II (a6'). 

Meripodite i with pro- 
podite in (oo*). 

Meripodite in with 
carpopodite i (a '6). 

Meripodite in with 
propodite i Ka'e), 



1 The lettora in paronthaMs in this and laooeoding iablM refer to flc* 7> 
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The results shown in table 12 are very regular. In every case the 
correlation is greater between the homologous joints than it is between 
the non-homologous, though some of the differences are absolutely small. 
The figures in the ''excess'' column show the relative significance of 
these differences in comparison with their probable errors. These fig- 
ures are the values of the ratio Difference/Probable error of difference. 
Taking into consideration the values of this ratio in the different cases 
and also the fact that in every case the difference is in the same direction, 
it is clearly justifiable to conclude that there is a uniform and definite 
tendency far the meripodite of any leg to be more highly correlated with 
the homologous segment (t. e., the meripodite of a second legy than with 
any other segment of thai second leg. It is, of course, to be understood 
that this statement is made only for those legs and joints studied in this 
work. 

We may turn next to the carpopodite correlations (table 13), treating 
the data in the same way. 

Table la 

(A) CABPOPODrrES OF L8Q I AND II, AND n AND lU (CONTIOUOUS METAMBRES). 



3 



a 



■ 



HOMOIiOQOIW 

Jonrrs. 



Carpopodite i 
with carpo- 
podite II 



0.9069 ± 0.0071 



Carpopodite ^ 
n with car- 
popodite III 

(6'V). 



CoBTFicmrr. 



•Kxx5 dc •UUo4^ 



Bxc 



- (5.36) 

- (5.78) 
+ (1.18) 
+ (1.28) 
-(1.19) 

- (1.24) 
+ (1.94) 
+ (1.67) 



CoBmcimiTT. 



0.9602 ± 0.0039 

.9631± .0037 

.8943 ± .0080 

.8932 ± .0081 

.9021 ± .0075 

.9027 ± .0074 

.8632 ± .0102 

.8673 ± .0099 



NON-HOMOLOOOUS JOIHTS. 



Carpopodite i with 
meripodite ii {ha'). 
Carpopodite i with 

dpropodite u(he'). 
arpopodite ii with 
meripodite i (h'a). 
Carpopodite ii with 

dpropodite i (&'c). 
arpopodite ii with 
meripodite iii (6 'a'). 
Carpopodite ii with 
propodite iii (&'c'). 
Carpopodite in with 
meripodite ii {h'a'). 
Carpopodite iii with 
propodite ii (&'o'). 



(B) CARPOPODITES OF LB03 I AND III (NON-CONTIOUOUS METAMERES). 



1 



Carpopodite I 
with carpo- 
podite m 



OJ686±a0099 



- (8.89) 

- (7.27) 
+ (0.23) 
+ (0.50) 



0.9601 ± 0.0031 
.9463 ± .0042 
.8652 ± .0101 
.8613 ± .0104 



Carpopodite i with 

meripodite iii {ha'). 
Carpopodite i with 

dpropodite in {he'). 
arpopodite in with 
meripodite i (h'a). 
Carpopodite in with 
propodite i (h'e). 
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Table 13 ehowB perfect r^ularity in the trend of the ^^ezoeflB,^ bat 
it is of a quite different kind from that obeerved in table 12. Here 
there is no uniform mle that the homologous joints show the higher 
correlations. Instead there appears to be a special factor governing the 
carpopodite correlations which leads to a rule which may be formulated 
in the following way: (i) The carpopodite of any given leg is correlated 
to a relatively high d^ree with the meripodite and propodite of each of 
the legs which lie posterior to it, and further, the correlations of carpopo- 
dite with meripodite and propodite are practically equal; (ii) the car^ 
popodite of any given 1^ is correlated to a relatively law degree with 
the meripodite and propodite of each of the l^s anterior to it, and again 
these correlations are substantially equal. Consequently we find that 
the ''homologous joint '^ carpopodite correlations are higher than the non- 
homologous joint correlations when the latter are directed anteriorly (by 
II ), and lower when they are directed posteriorly (by i). Consequently, 
as a result of special factors influencing carpopodite correlations, the effect 
of homology is in part overshadowed. It is clear from the figures in 
parentheses in the excess column that the minus ( — ) differences are 
relatively, as well as absolutely, greater than the plus ( + ). 

The data for the propodite correlations are given in table 14. 

The results here are rather more irregular than one could wish. There 
is clearly no uniform tendency for the homologous joint correlations to 
be higher than the non-homologous. In both the contiguous metamere 
and non-contiguous meUmere groups there is a mixture of plus (+) and 
minus ( — ) entries in the excess column. Consequently, in order to get a 
notion of the general trend of the results, we are thrown back on an estimate 
of the relative magnitude of the plus and minus differences. From the 
figures in the excess column it is evident that on the whole the plus 
differences run distinctly larger than the minus. The average of all the 
plus difference ratios is 5.32, while for the minus ratios it is 1.62. From 
this it appears reasonable to conclude that on the whole there is a distinct, 
though very slight, tendency for the correlations of homologous propo- 
dite segments to be higher than those of non-homologous joint pairs 
involving a propodite as one variable. 

Putting all the results set forth in tables 12 to 14 together, we may 
conclude that in general, so far as indicated by our present material, 
there is a slight but distinct tendency for homologous pairs of joints to 
be more closely correlated than non-homologous pairs. In the case of 
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pain inYolving a carpopodite as one variable this tendency is oatweighed 
bj special positianal influences affecting the variations and correlations of 
this joint In general the influence of homology on correlation is a 
comparatively weak one — not nearly so strong as would probably have 
been predicted. 

Tablk 14. 
(a) pbopodities op lbq6 i and n, and ii and ul (contiquou8 mstamebb8). 



a 



9 



•d 

a 



HOMOIiOOOUB 



Propodite i) 
with propo- > 
dite II (ec').) 



Propodite 
with 
dite in 



ta n) 
propo- [ 

(c'e').) 



ComwwiamMT. 



0.SG06 ± ojooe» 



.9610 ± .0081 



+( 1.14) 
+ ( 6.45) 

-( 1.41) 
-( 0.47) 

-( 1.50) 
+( 9.01) 

+ ( 1.11) 
+ ( 7.29) 



GOBFFICUNT. 



0.9440 ± 0.0044 

.8932 ± .0061 

.9678 ± .0083 

.9531 ± .0037 

.9670 ± .0026 

.8673 ± .0099 

.9550 ± .0085 

.9027 ± .0074 



Noif-HOMOix>oou8 Jonrrs. 



Propodite i with meii- 
podite II (ea'). 

Propodite i with car- 
popodite ii {eb'y, 

Propodite ii with meri- 
poditei(c'a). 

Propodite ii with car- 
popodite I (e'&). 

Propodite ii withmeri- 
podite III {e'a'). 

Propodite ii with car- 
popodite III {c'b'), 

Propodite ni with meri- 
poditeii {e'a'). 

Jmpodite in with car- 
popodite n {e'b'). 



(B) PBOPODITE8 OP LBQ8 I AND UI (NON-CONTIOUOUS METAMEBBS). 



•d 

9 



Propodite i) 
with propo- > 
dite ni (ce'). ) 



a9402 ± 0.0046 



-( 2.36) 
+ ( 6.92) 
-( 3.16) 
-( 0.98) 



0.9539 ± 0.0086 
.8613 ± .0104 
.9579 ± .0083 
.9463 ± .0042 



Propodite i with meri- 
podite III (ca'). 

Propodite i with car- 
popodite in (c6'). 

Propodite in with meri- 
podite I {e'a). 

Propodite in with car- 
popodite I (e'b). 



The next problem to be considered with reference to the influence of 
homology on correlation is as to the relative effect of homology and of 
contiguity within the metamere on the degree of correlation. Is a given 
segment in general more or less highly correlated with the homologous 
segment in another leg than it is with the other segments (contiguous 
and non-contignous) of the leg to which it belongs itself? The data 
on this question are presented in tables 15 to 17, which are arranged on 
the same plan as tables 12 to 14. 
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TaU« 16 demonstntes tiiAt in :he case oi xhe carfofoditesi. oo the 
whfAt, the contigiKMU joints of the same le^ are more hi^hlj correlated 
than h^Miologoiu joints of different legs. In onlj three cases oat of tvelTe 
is th« excess in faror of the homologoos joints, and in those cases the 
dtffmfDoes are relatiTelj smalL The carpof^xlite correIati<Mis thns show 
«DMtlj the rerersed relation to what the meripodite correlations do, 
thfmgh the differences, as shown bj the ratios in the exceas colomn, 
sve relatirelj smaller than in the former case. 
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Tabls 16. 
(A) CASPOPODITES OF LBQ0 I AND n, AND n AND UI (CONTIGUOUS IfBT. 



). 






1 



HOMOLOOOUS 

JoiDm. 



Carpopodite i 
with carpo- 
podite II 



Carpopodite 
II with car- 
popodite III 

ib'b'). 



GoBmcxnrr. 



0.90e9 ± 0.0071 



•txxxf X •UUo4^ 



- (6.66) 

- (6.77) 
-(0.14) 
+ ( .ffl) 
-(1.79) 
-(1.32) 

+ a.i6) 

+ (1.05) 



CoBmciKirT. 



0.9688 ± OXXm 

M77± .0025 

.9083± xxm 

.9096 ± XXyjA 

.9083 ± .0070 

.9096 ± .0074 

.8742 ± X)096 

.8757 ± .0003 



NOH-HOMOLOOOUS 
JOIMTB or BAMM LbO. 



Carpopodite i with 

meripodite i (6a). 
Carpopodite i with 

propoaite i (be), 
Carpopodite u with 

meripodite ii (6'a'}. 
Carpopodite ii with 

propoaite ii (6'e'). 
Carpopodite ii with 

meripodite ii (6'a'). 
Carpopodite n with 

propoaite ii (6'c'). 
Carpopodite iii with 

meripodite in (6 'a'). 
Carpopodite iii with 

propoaite ni (6'e'). 



(B) CABPOPODITES OF LBQB I AND UI (NON-CONTIGUOUS IfBTAMBRBS). 



•d 

9 



Carpopodite i 
with carpo- 
podite HI 
(»•). 



a8686±OX)099 



(8.68) 
(9.73) 
(0.42) 
( .53) 



0.9688 ± 0.0082 
.96n± J0O35 
J742± .0095 
.8757 ± .0003 



Carpopodite i with 

meripodite i (ba), 
Carpopodite i with 

propoaite i {be). 
Carpopodite iii with 

meripodite in (6'a'). 
Carpopodite in with 

propodite in {b'e"). 



We have, finally, the data for the propodites in table 17, and here we 
find that in the case of the propodite correlations there is nothing approach- 
ing a nniform mle of higher correlation in the homologous joint pairs 
over the pairs from the same leg. In seven cases out of the twelve 
the pairs of joints from the same leg have the higher coefficient, and in 
five the opposite relation holds. No stress can be laid on such a small 
majority, however. Taming to the amounts of the individual differences, 
we find for the plus difference ratios a mean value of 6.76 and for the 
minus ratios a mean of 8.70. The plus differences are clearly the larger 
on the average. 
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Tabu 17. 

(A) PBOPODITES OF LB08 1 AND n, AND H AND UI (OONTieUOUS 



3 


Homologous 
Jonrrs. 


COBFFICIKMT. 


Kirwii 


COKFFICDDIT. 


NOM-BOMOUMIOUI JODtTS. 






-(3.72) 


a9677 ± 


a0025 


Propodite i with car- 


ti 




1 








popodite I (eb). 


Propodite i ) 
with propo- > 


\ 


+(5.e0) 


.9096 db 


xxrn 


IVopodite II with car- 


1 


0.9606 ± a0038 { 








popodite II {e'h'). 


diteii(ee'). ) 


) 


+(1.14) 


.9i38± 


JOOU 


Propodite i with 


M 




1 








meripodite i {ca). 






^ 


-(*.13) 


.9696 db 


.(xm 


Propodite ii with 
meripodite n{e'a'). 






I 


+(7.18) 


.9036 ± 


.0074 


Propodite n with car- 


• 

* * 




( 








popoditen(e'6'). 


a 


Propodite ii) 


\ 


+(8.70) 


.8757 ± 


.0093 


Propodite m with car- 


•o 


with propo- ( 


.9810 ± .0031 ( 








popodite HI (c'6'). 


9 


diteiii(c'c').) 


) 


-(2.21) 


.9696 ^ 


.0024 


Propodite ii with 


1-4 




( 








meripodite n{e'a'\. 


^4 




\ 


-(3.41) 


.9736 ± 


.0021 


Propodite iii with 
meripodite ni {e'a'). 




(B) PBOPOI 


>IT]» OF LBQS I I 


lND III (N 


ON^JONTK 


ItVOVS METAMBBBS). 






1 


-(5.29) 


0.9677 ± 0.0025 1 


Propodite i with car- 


• 




1 








popodite I (eb). 


M 
M 


Propodite i ) 


\ 


+(8.20) 


.8757 ± 


.0003 


Propodite in with car- 


•d 


with propo- V 


0.9i02 ± 0.0016 / 








popodite III {e'b'). 


9 


dite III (ee'). ) 


) 


-(0.58) 


.9439 ± 


.0044 


Propodite i with 


M 




1 








meripodite i {ea). 








-(8.55) 


.9736 ± 


.0021 


Propodite iii with 
meripodite m (e'a*). 



Putting our results together we see that (a) in the case of meripo- 
dites the influence of homology outweighs that of contiguity of parts; 
(6) in the case of carpopodites the positional (contiguity) influence is 
the greater; and finally (c) in the case of propodites there is a fairly 
even balance between the two factors. Clearly it is impossible to lay 
down any rule that in general the morphological relationship implied 
in homology has a stronger influence in determining degree of correla- 
tion between parts than does the relative position of the parts in the 
organism (contiguity or separation) . It would appear rather that relative 
position of parts and homology are about equally effective in influencing 
correlation. The important point, however, is that the influence of both 
these factors is very slight. Our results indicate that both position and 
homology are factors having a real influence on degree of correlation, but 
the amount of these influences might, on general grounds, very easily 
be — in fact probably has been — overrated. 
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While the figures set forth in the tables of this section show that in 
general there is some tendency for homologous joint pairs to be more 
highly correlated together than are non-homologous, yet they equally 
show that this influence may be quite outweighed by special factors 
influencing particular joints. The carpopodite correlations are clear 
illustrations of this point. Now, there can be little doubt that these other 
factors which come in to influence correlations are in general factors con- 
nected with the functional relations of the parts; that is, in a broad sense, 
physiological factors. Perhaps the most obvious of such physiological 
factors is growth. In the next section it will be shown that on the 
average more than 60 per cent of the observed gross correlations between 
the joints of the crayfish appendages is due to a true growth correlation 
faictor. In comparison with such an effect as this it is obvious that the 
influence of homology on correlation is practically a negligible one. From 
these facts we are compelled to conclude that in comparison with physio^ 
logical factors the influence of morphological relationship^ as implied in 
homology f on correlation is relatively insignificant. This conclusion is 
in entire agreement with certain results which have been obtained by 
Davenport (1903, p. 180). Studying the correlation between the antero- 
posterior diameter and the dorso- ventral diameter of the lower valve of 
Pecten opercularis, he finds a very high degree of correlation between 
them. These axes are morphologically independent, but by the position 
which the animal takes they are brought into the same relation to the 
bottom. The coefficient of correlation between these two axes is in each 
of three samples > 0.969. Regarding this result Davenport says: 

Here the correlation coefficients of non-bilateral dimensions are extremely higli, as 
high as in many of the highest human coefficients between bilateral dimensions. As 
a result of the newly assumed position of the scallop, two formerly largely independent 
axes have come to vary simultaneously just because they have similar relations to the 
bottoDL Peeten has gained a new kind of symmetry; namely, a radial sjrmimetry. 
The fact points very forcibly to another conclusion; namely, that physiological factors 
are much more important in determining correlations than morphological relationship 
when the two come into conflict. 

Though the influence of homology on correlation is a relatively slight 
one, that it is nevertheless a real one is evidenced by the fact that work 
on other organisms than the crayfish has shown its existence. In his 
memoir on the variation and correlation of the human skeleton Warren 
(1897) includes a section on ''The Correlation of Homologous Parts'' (pp. 
179-182) in which he discusses the relative degree of correlation between 
pairs of homologous and non-homologous limb bones. He finds that the 



IS TBECXAIFSH. 



mn 0Mb 




putsw bat ikMi tkii 



We Lare io far been discoBKsg ti:# gr^om corximMMmm b c iw e qi differ- 
ent paiis of chancten. It is of importaBce sov to examine the **iiet^ 
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I^ jr., jr^. jr,, be anj three characters ot a popolation of organiama 
Tarjing about their reapectiTe means with standard deviationa a',* ^, and 
a-,, and oiganically correlated together to the degree indicated by coefllci- 
enta r,,, r^,, r^. Then suppoae a group ot indiriduala to be selected 
from the population with reference to the character x^, ao that after the 
aelection the variability of this character will be that indicated by a stand- 
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Now 8appo86 that we 00 select our groap of indiyidnak that they shall 
all be exactly the same with reference to the character x,, or, in other words, 
so that after selection there shall be no variation in respect to x^. The 
standard deviation after selection, s,, will thns of course be aero. Putting 
a, =0 in (i) we have at once 

*• i/(i-ru»Mi-n,«) 

which is the well-known expression for a partial correlation coefficient. 
This coefficient measures the correlation between x, and a?, in a group of 
individuals where x, is constant If, for example, we let x^ denote length 
of cephalothorax, x, length of the great chela, and x^ length of the carpo- 
podite of the cheliped, then t^ measures the correlation between the last 
two characters in a group of individuals all having the same length of 
cephalothorax. 

The partial correlations of the different joints of the legs with each 
other were studied in order to get further light on the factors which 
influence the degree of the gross correlations. It was decided to deter- 
mine the partial correlation between every possible pair of joints avail- 
able in our data when the cephalothorax length was made a constant. 
The length of the cephalothorax may be taken as an adequate index of 
the size of the body, and was on this account chosen as the character to 
make constant in the calculations. Calculating from (11) above, and 
making cephalothorax length in every case the x, character, we have found 
the system of partial correlation coefficients between the different joints 
of the legs given in table 18. In the calculations the gross coefficients 
which were substituted in equation 11 were kept to six places of figures. 

TabiiB IB,— Partial earrekUion eoeffleientB between the joints of the legs, the cephakh 

thorax length being kept constant. 





MlUFODITB. 


Cabpofoditb. 


Pbofoditb. 


SaeimiT. 






















I. 


II. 


III. 


I. 


u. 


Til. 


I. 


n. 


ni. 


Merioodite: 




















1 


0.7087 


0.6068 


0.5328 


0.2721 


0.2761 


0.4570 


0.4892 


0.4969 


II 


0.7087 


1 


.7722 


.5703 


.4606 


.3385 


.5669 


.7429 


.6203 


Ill 


.6008 


.7722 


1 


.5647 


.3601 


.3486 


.5717 


.6184 


.6988 


Carpopodita: 




















I 


.5328 


.5793 


.5647 


1 


.4112 


.3312 


.7200 


.5105 


.4443 


II 


.2721 


.4606 


.3501 


.4112 


1 


.5266 


.3680 


.3750 


.3713 


Ill 


.8781 


.3385 


.3486 


.3312 


.5256 


1 


.3204 


.3127 


.3688 


Propodite: 




















I 


.4570 


.5669 


.5717 


.7200 


.3580 


.3204 


1 


.5534 


.4605 


II 


.4802 


.7429 


.6184 


.5105 


.3750 


.3127 


.5534 


1 


.5750 


Ill 


.4060 


.6203 


.6988 


.4443 


.3713 


.3688 


.4605 


.5760 


1 
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part of the observed total correlations between the joints in the case of 
leg I, and as we pass to more posterior legs the effect of this factor increases. 
From the indiyidnal yalues we begin to get a closer insight into the rela- 
tive effects of the different factors influencing the intercorrelations of the 
joints of the l^s. It is clear that 1^ i shows distinctly different rela- 
tions than do legs ii and iii. In the case of legs ii and iii, a very con- 
siderable proportion ( >50 per cent.) of the total correlation of joint pairs 
involving the carpopodite as one variable arises from the fact that these 
joints are correlated with the length of the cephalothorax. In the joint 
pair which does not involve a carpopodite, a very small proportion of the 
total correlation is dne to this ''general size'* factor. On the other hand, 
leg I shows exactly the opposite relation. There the net relation is least 
in the joint pair which does not involve the carpopodite and greatest in 
the cases where the carpopodite is included. Leg i follows an entirely 
different role in the correlation of its joints than legs ii and iii. In 
leg I the bulk of the total correlation represents net organic relationship 
between the joints, whereas in the other legs a very large portion of the 
total correlation arises in an indirect way through the correlation of the 
joints with the size of the body as a whole. 

Turning again to the values in table 18, we have calculated the mean 
values of the net coefficients for the correlations between homologous 
joints of the different l^s with the following results: Mean net correla- 
tion between homologous joints: Meripodites = 0.6926; carpopodites 
= 0.4227; propodites = 0.5299. 

For all possible pairs of non-homologous joints of contiguous legs 
(12 cases) the mean net coefficient is 0.4789, while for the six cases of 
non-homologous joints of non-contiguous legs the mean is 0.4457, or, in 
other words, there is no evidence in these correlations of an effect of the 
contiguity of metamerea From the means of the net correlations we see 
that just as in the case of the total correlations there is clear evidence 
that homologous segments tend to the more highly correlated than non- 
homologous, but as before the carpopodite correlations form an exception. 
These results point to the conclusion that the higher gross correlations of 
contiguous parts arise through the growth correlation factor, while for 
the higher correlation of homologous parts another explanation must 
be sought. 
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INDEX CORRELATIONS. 

It hM beeii ehewliere pointed <mt by the writer of thk paper (Pearl 19^ 
and 1907) that it is of considerable theoretical importance to determine for 
as many organisnis as possible whether there is or is not a sensible correla- 
tion between the proportiQiialitj of the parts in a differentiated system of 
<»gans and the absolute sise of the system. An essential part of Driesch's 
so-called *' first proof of the autonomy ot vital {^enomena^^ (cf. Drieech 
1901) depends on the sssnmption that snch a correlation does not exist, 
but that» on the other hand, propcvtionality ot parts and absolate size are 
quite independent in the organism. Fortunately the matter is one which 
can be quantitaliTelT tested and a definite answer reached by direct appeal 
tothefaots. The pioportionaHty of a series <tf parts can always be measured 
by fcorming fn^n the absolute dimensions <tf these parts a series oi indices 
which will give the peirentage which the sise of a given part is of the 
siae of s^^me other part or of some dimension measuring the sise of the 
whole organisuL Having detennined these indices, in order to answer 
our qu^^ett^m we have mei^y to calculate by now well-known mathematical 
methiHls the correlatico between a given index and any chosen measure 
\4 the aliei4ute sise of the organism. The mathematical theory of index 
c^^rrelatMHis ww fiiet inveetigated by Pearson (1897) and Galton (1897). 
A disctt«ai\ui and illustration of the meaning of the formuliB has been 
given by the |vre«ent writer in another paper (Pearl 1907) and need not 
he rei^eale^t heie. We need merely to note that if dt, /x, be any indexi 
then the gtv^w ownvlation between this index and the absolute dimension 
0^ ts given by the ex(>re<inon 

^ r aVi ~r> 

ami I he s|mriou» oonrelalion between thi^ two characters which exists 
whmi all \vrgauio ovurelation between x, and x, is destroyed is given by 

wheiv r,^ in the %HH^llt\'ieiil \^ wvrrelation between x, and x^y and t;, and t;, 
ari^ llu^ ^HHvM%nmi(s %^ varialiiHi \^ lhe<^ two charactera 

III Oii« ora^v rtnh apiH^mlagt's we have a system of parts in which definite 
|ilM|ii^iU\ms aiv iiiaiiitaine^l with a very high degree oi constancy. This 
Is ail obv(\m« fliot tixmi ewu oun^u^y obs^^rvation, and quantitative proof 
iif U is itivvii ill talvlo tl alM\>\ It siH^nis an especislly suitaUe object on 
wUi«^li i^^ ii'A^ ^^^^t t|iii>sti\^i as to whether or not these proportions are cor- 
felaMl Willi llii^ slmKvlute ai»e \4 the Unly. !l^> get at the question in a 
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praetical way we have determined the correlations between (a) the index 
formed by dividing the length of a joint of a given leg by the length of 
the oephalothorax, and (b) the latter dimension, for each segment of the 
three legs studied. In other words, we have pat for x^ length of cepha- 
lothorax and for x, the length of each joint of the legs taken individaally. 
The results are shown in table 20. 

Tabls %k— Index correlaiion9 in the eraiyfish. 



GommBLATSD Chaeactbbs. 


GaoM 

COKBBLATIOlf. 


Sruaxoui 

Ck>EKXLATION. 


Head—Gephalothoraz index, with cephalothoraz 

Mer. I. Cephalothoraz index, with cephalothoraz. . 
Mer. II. Cephalothoraz indez, with cephalothoraz. . 
Mer. III. Cephalothoraz indez, with cei^alothoraz. . 
Carp. I. Cephalothoraz indez, with cephalothoraz. . 
Carp. IL Cephalothoraz indez, with cephalothoraz. . 
Carp. III. Cephalothoraz indez, with cephalothoraz. . 
Prop. I. Cephalothoraz indez, with cephalothoraz. . 
Prop. II. Cephalothoraz indez, with cephalothoraz. . 
Prop. 111. Cephalothoraz indez, with cephalothoraz. . 


0.20^ 
.4213 
.1966 
.1347 
.4879 
.2011 
.0473 
.6763 
.1397 
.0617 


-0.6629 

- .6418 

- .6614 

- .6768 

- .6108 

- .6262 

- .6408 

- .6207 

- .6734 

- .9624 



From this table we see that in every case the gross correlation between 
the index and the absolute length of the cephalothoraz is positive. The 
values of the coefficients vary greatly for the different indices. As is to 
be expected for arithmetical reasons, the spurions correlation is in all cases 
negative (cf. formula for f>o above). It is to be noted that the value of 
the spurious correlation runs much more closely the same for all the 
indices than does the gross correlation. This is, of course, what we should 
expect a priori^ from the very fact that we are dealing with a spurtotis 
correlation ; that is, one whose origin is arithmetic rather than organic. 

The fact that, as shown in this table, the observed correlations between 
index and absolute size all have the positive sign, while the apuruma cor- 
relations all have the negative sign, demonstrates the essential point at 
issue, namely, that there is a true organic correlation between the indices 
(measuring the proportions of the different parts) and the absolute size of 
the body as measured by the length of the cephalothorax. There is no 
possibility in this case of the argument being made that the interpretation 
of the results is doubtful, because we can not be absolutely certain as to 
what portion of the observed correlation is organic and what portion 
spurious. Here the spurious correktion must in the nature of the case be 
negative. But the actually observed gross correlations are in every case 
positive. In other words, the tendency toward a negative correlation 
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by the high sporioos ooefficients has been oreiooiiie and there 
18 in eTerj caae an additional balance on the positire sida This shifting 
of the correhition from the negatire direction of the sporioos thioogh aero 
to the positive side, as obserred in the gross coefficients, can only be due 
to the inflnence of a positive organic correlation between index and abso- 
lute sixe. It is immaterial for the essential problem what the exact amoont 
of this correlation is« or how it shaU be measored.^ The figores show 
beyond any donbt (a^ that an organic correlation between the indices 
and the absolute dimension exists; (6) that this c<»relation is in the posi- 
tive direction; and (c) that while it varies for the different characters it 
is generally high, and certainly to be regarded as significant 

The relation of gross and aporions coefficients in these index correla- 
tions may be illostrated by fig. 8. 





In this diagram the smsiioircalar arc is taken to represent the whole 
possible range cl values v4 a ix^nN^lalion coefficient from —1 through 
U> +1, The i^Mitive conflations ax^ on the right of and the negative 
on the left, the dii^^tions U'iug indicated by Uie outside arrows. The 
heavy line at A we may consider to T^|)xv«ent the actual value of the 
eorrelatiou betw^^n an index* «aY« earpo{^:idiie of leg u cephalothorax, 
and the lei^th i^ the i^i^ialothomx which one wv^uld find if he were 
to calculate the imtex Kvr each individual fivHu a conflation table, and 
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eTalnate the ooeflioient in the nsnal way. Now, if in calcxdating the 
indicee the carpopodite lengths and cephalothorax lengthe were pat 
together in pairs qnite at random (say the carpopodite length of indi- 
vidnal X was divided by the cephalothorax length of another individual, 
F, instead of by its own), instead of as they actually occnr, there wonld 
still be a correlation between these indices and the length of the cepha- 
lothorax. This correlation we know woald be negative, and its amonnt 
may be indicated by the heavy line at B. Now, if there were no organic 
correlation between onr two characters, index and absolute dimensions, 
obviously we shoxdd expect that the observed correlation would be that 
which arises for arithmetic reasons solely. In other words, we shoxdd 
expect observed and spurious to be equal, or, on the diagram, A and B 
to coincide. But the two are not equal. From the spurious or arithmetic 
correlation value at B there has been a shift in the direction of the inside 
dotted arrow, through ''no correlation^^ at zero to a positive correlation 
measured by the observed coefficient at A. This shift is the result of 
the organic correlation between the index and the absolute dimension. 
A study of the values of table 20 in connection with the diagram will, 
we believe, convince even the non-mathematical reader of the reality of 
the result that the proportions of the crayfish body are not independent 
of its absoluie size^ hut thai^ instead^ the two things are correlated together 
to a definite and significant degree. 

In order to bring out in another way the generality of this result we 
have resorted to a still different method. We have directly determined the 
correlation between an index and an absolute dimension which does not 
enter as one of the factors in the index. In this case there is no spurious 
correlation; the total observed relationship is organic in origin, just as 
truly as the correlation between two absolute dimensions is organic. On 
account of the considerable arithmetical labor involved we have worked 
out completely only one of these cases, but it will serve to demonstrate 
the point made. Other examples were carried far enough to show that 
essentially the same results would be obtained with them, the differences 
being only in the numerical values of the coefficients. In order to make 
the tests as fair as possible the characters which were to go to form the 
indices were chosen at random. The first pair of characters which were 
drawn were (a) meripodite of leg i, and (b) propodite of leg i. The 
quotient of afb was directly calculated for each individual and entered 
on the record cards. Then a correlation table was formed between these 
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indnt rtliiM as one Tftriable, and the length of the oei^ulotborax as tha 
cAher rariable. Mow, it is obriooB that since cepbalothoraz does not entar 
into the index fraction, there can be no Bpnrions correlatitxi here, lb 
psanlting table in table 21. 
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Tills tablH shows at unoe that there is a distinct correlation between 
tlio two variables, and that this correlation is negative. Calcnlating from 
tliM frequency distribntion given by this table and osing Sheppard's cor- 
rection of the seoond moment, we find the following valneB for the mean 
Slid variability of the index: 

Mms index = 49.498 ± 0.133 
Btaodard d«vtation ot index = 3.3SB ± XJM 

For the correlation between the index and abeolate dimensiona, length 
of cephalothorax we Rnd 

r = -0.4611 ±0.0967 

This is clearly a aensible valne in comparison with its probable error, 
and we must conclude, since there is no possibility here of any spuriotu or 
"arithmetic" correlation, that there is a real organic correlation between 
the index formed by Hividiug the length of the meripodite of the cheliped 
by the length of the propodite of the same leg, and the absolute size of 
the body OS measured by the length of the oephalothorax. In other 
words, the proportion existing between the length of the meripodite and 
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that of the propodite of leg i is not the same on the average in large 
crayfish that it is in smalL On the contrary, the proportion of these 
two joints rehitive to each other, changes in a definite and orderly man- 
ner as we pass from small to large individaals. By taking the indices 
formed by the lengths of other joints of the legs we shoxdd reach the 
same conclusion from them, the numerical values of the coefficients differ- 
ing, of course, in each different case. 

An essential part of Driesch^s vitalistic argument appears to depend 
on the assumption that the proportionality of the parts in a differentiated 
system is independent of the size of the system. As a result of quan- 
titative studies of the proportionality of various parts and characters of 
the body it has been shown that the proportions and absolute sisse are not 
independent, but instead are correlated to a sensible degree in the follow- 
ing organisms: Chihmonas and Paramecium (Pearl 1906 and 1907) ; 
the crayfish (the present paper) ; in the aphid Hyalopterus irtrhodus 
(Warren 1902); and in the case of various proportions of the human skull 
by Fawcett (1902) and Macdonell (1904). The writer has in hand unpub- 
lished data showing the same thing for several other organisms. It is 
not our purpose to enter here upon a theoretical discussion of Driesch^s 
**first proof,** as the writer's position has already been set forth elsewhere 
(loc. cit). Our present aim is merely to give in detail the additional 
evidence afforded by this study of the crayfish on the point made in the 
earlier paper. Putting all the evidence together, it would appear that 
the assumption that proportionality is independent of absolute size in the 
organism is not substantiated when an exact quantitative study of the 
facts is made. Only by such quantitative study can it be determined 
with any degree of precision whether or not there is a definite association 
between two varying phenomena. 
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SUMMARY OF RESULTS AND CONCLUSION& 

This study, dealing with eleven characters of the body and appendages 
of the crayfish, had for its primary purpose the determination of the rela- 
tion of variation and correlation to the morphological factors, differentia- 
tion and homology. The resxdts and the oonclnsions drawn therefrom 
may be summarily stated as follows: 

(1) Variation in all the characters studied is skew rather than sym- 
metrical in its distribution. The skewness is in aU cases positive, or the 
mean lies above the mode. In respect to the degree of flat-toppedness or 
kurtosis the variation curves all deviate from the mesokurtic condition of 
the normal curve. In general, we conclude that the variation in the char- 
acters of the crayfish studied can not possibly be adequately described by 
the normal or Gaussian curve of errors. 

(2) The correlations between the different characters studied are gen- 
erally of an unusually high order of magnitude. The coefficients are in 
general of about the same magnitude as those which have been found for 
the correlation between bilaterally homologous organs in other animals. 
The regressions are linear throughout 

(8) It is found that the cheliped, which is the most differentiated leg, 
is more variable in all the joints studied than is either the first or the 
second ambulatory appendage. This result is obtained whether we measure 
the variation in the absolute size of the organs or in their relative propor- 
tions when referred to some other dimension of the body as a standard 
base. 

(4) The most variable and the most differentiated and specialised 
single part of all those studied is the great chela. 

(6) The frequency distributions for the different joints of the cheliped 
have, on the average, the greatest skewness of any of the characters 
studied. Degree of skewness and degree of relative variability appear to 
run parallel in the variation of the characters we have considered. 

(6) The correlation between the homologous segments of two legs is 
higher when these legs are contiguous than when they are separated by 
an intervening leg. In so far, the crayfish furnishes evidence in favor of 
a ''rule of neigh borhood^' in correlation such as has been found by 
Lewenz and Whiteley in the correlations of the bones of the human hand. 

(7) When the correlations of the non-homologous joints of the dif- 
ferent legs are considered such a ''rule of neighborhood" is not found to 
hold uniformly. 



SUMMABT AND OONCLUSIONS. 47 

(8) The evidenoe as a whole points to the conclusion that homology 
is a factor of relatively very slight importance in determining degree of 
correlation between parts. In the case of certain joints of the legs (the 
meripodites) homologous joint pairs are significantly more highly corre- 
lated together than are non-homologous joints. Such a relation does not 
hold uniformly for all joints, however, and, furthermore, in the cases where 
it does obtain the differences between homologous and non-homologous 
joint pairs in respect to degree of intercorrelation are absolutely very 
small The results indicate that, as compared with physiological factors, 
morphological relationship is, for practical purposes, a factor of negligible 
significance in influencing degree of correlation between parts. 

(9) A study of the partial correlations between the joints of the legs 
when the cephalothorax length is kept constant leads to the conclusion 
that a very considerable part of the gross observed correlations between 
the different segments of the legs arises through the high correlation 
between the size of these segments and the size of the body as a whole. 
In other words, it appears that the degree of gross correlation between 
parts in the crayfish is in each case the resultant of two sets of influences. 
There is first a general growth correlation factor which accounts for a 
considerable part, but not all, of the observed gross correlation. Besides 
this growth correlation sensu strictuy there is left a portion of the gross 
correlation, to account for which other physiological factors must be 
adduced. In the analysis of these factors by experimental investigation 
lies the hope of progress in the problem of the origin of organic correlation. 

(10) The data show that in the crayfish there is in general a substan- 
tial degree of correlation between the proportionality of the parts and the 
absolute size of the organism. We are thus able to add one more to the 
list of organisms in which this relationship has been shown by quantita- 
tive methods to be true. The bearing of this result on certain of Driesch's 
theoretical deductions regarding a vitalistic hypothesis is discussed. 
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TABLES OF MEASUREMENTS. 
The fltty-live correlation tables which furnish the data tor this paper are giTen in 
the preeeot tiectioD. In each ca^e the meaKuremeutB are giren in millimetetH. In 
oriler to nave apace a upecial rubric is not given lor »ach table. Instead, on the top 
am] Irft side of each table are stated the two characteni whose correlation is KiTen oj 
the table. The plan according to which the taUes have been arranged will be seli- 
evident on inapoction. 

Tablr 82. 
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TABLES OF HEASDRBHfiNTS. 
Tabu SI— Cantinaed. 
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Tabis SI— Contutoed. 
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TABUSB OF ICBABUBElfBNTS 
Tabls 34. 
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